Some yeasts can use fat as the sole carbon source. One such yeast, Yarrowia lipolytica, is considered a promising host for protein production because it naturally and efficiently secretes large amounts of a variety of proteins (for a review, see reference 1). Integrative and replicative vectors are available for this yeast, but the replicative vectors are present at low copy number (28) . We have previously used defective URA3 markers (Y. lipolytica URA3 gene with promoter deletions) to construct multicopy integrative plasmids. These plasmids, pINA764 through pINA773, contain the XPR2 gene (coding for the alkaline extracellular protease [AEP]) as a reporter gene and a fragment of ribosomal DNA (rDNA) to target integration (20) . Transformed cells contain one integrated copy if the nondefective allele ura3d1 is used. If the defective allele ura3d4 is used, then 12 to 60 integrated copies are found if the plasmids were targeted to the rDNA loci (20) and about 30 integrated copies are found if the plasmids were targeted to XPR2 (1) . These integrations occur in tandem at one or two sites. Strains containing XPR2 integrated in tandem at the rDNA locus are stable under nonselective conditions and in media in which XPR2 is not expressed. However, in conditions in which XPR2 was induced, the overproduction of AEP poisoned the culture, resulting in the rapid selection of deamplified cell lines. Nevertheless, in some transformants, AEP production was 10 to 12 times higher than in the wild type (20) .
Repetitive elements often are used as target sites for integration of plasmids carrying genes to be amplified. The rDNA locus is commonly used in Y. lipolytica, Kluyveromyces lactis, Saccharomyces cerevisiae, Candida utilis, Schizosaccharomyces pombe, and Phaffia rhodozyma (20, 22, 35, 39, 41, 46) , although other repetitive elements, e.g., Ty, also have been used (5) . The Ylt1 retrotransposon is a repetitive element that has recently been characterized in Y. lipolytica (38) and is present at ca. 35 copies per genome. An additional 30 copies of long terminal repeat (LTR) solo () also are present. Thus, this region provides at least 65 potential target sites per genome and could be useful in developing multicopy transformants.
Derivatives of the pINA764 to pINA773 vectors were constructed by exchanging the rDNA region for the region (1) . With both types of plasmid, the complete vector was integrated, including the expression cassette and the bacterial part (Ori and ampicillin resistance gene). The bacterial DNA is a disadvantage if the resulting strain is to be used for industrial protein production, since current European regulations classify strains containing bacterial DNA as genetically modified organisms (10) .
Lipases are secreted by many bacteria and fungi. The biotechnological potential of these enzymes is steadily increasing with various applications such as in the oleochemical, detergent, and food industries, surfactant production, organic chemistry, and fat-containing waste effluent treatment (for reviews see references 15 and 40) . Lipases also may be used for human therapy of pancreatic deficiency (48) . Y. lipolytica secretes several lipases and esterases. We recently identified the extracellular lipase, a triacylglycerol acylhydrolase (EC 3.1.1.3), encoded by the LIP2 gene (33) . This extracellular 38.5-kDa lipase was used in oleochemistry (8) and Y. lipolytica strains in waste treatment (7, 43) . This lipase is acid resistant and not inhibited by biliary salt and may be used in human therapy (32) .
Our objectives in this study were to adapt our single-and multicopy vectors to use regions as targeting sites and to obtain integrative cassettes free of bacterial DNA and to use this technology to construct Y. lipolytica strains that overexpressed the extracellular lipase Lip2p.
MATERIALS AND METHODS
Strains, media, and induction conditions. Escherichia coli DH5␣ used for plasmid preparation was grown in Luria-Bertani (LB) medium (36 (45) . The induction media YPH and YNBcasH are YPD and YNBcas, respectively, with glucose replaced by olive oil (10 g/liter) (Sigma-Aldrich, St. Quentin Fallavier, France). For solid media, 1.5% agar was added. The yeast was transformed using the lithium acetate procedure (47) , and clones were selected on YNBcas. Tributyrin plates (YNBT) were used for lipase detection; they contained YNB supplemented with tributyrin (Sigma-Aldrich) (5 g/liter).
DNA manipulation. Recombinant DNA techniques were carried out by standard methods (36) . The expression cassettes used for yeast transformation were recovered as NotI or SalI-EcoRI DNA fragments from agarose gels and purified with the GeneCleanII extraction kit (Ozyme, St. Quentin Yvelines, France). Total genomic DNA was prepared and Southern hybridization was performed as previously described (20) . Membranes were scanned using a STORM 860 PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Copy number was determined using Molecular Dynamics ImageQuaNT software.
Northern blot analysis. Samples of total RNA (30 g) were subjected to electrophoresis in a 1.2% agarose-formaldehyde gel, transferred to a Hybond-N ϩ nylon membrane (Amersham-Pharmacia, Orsay, France), and UVcross-linked to the membrane. The membrane was hybridized with a 32 P-labeled probe at 45°C in 50% formamide-5ϫ SSPE (0.75 M NaCl, 0.05 M NaH 2 PO 4 , 0.005 M EDTA [pH 7.7])-5ϫ Denhardt's solution-0.5% sodium dodecyl sulfate (SDS)-100 g of salmon sperm DNA per ml for 16 h. Washing and exposure conditions were identical to those for Southern blotting. mRNA levels were quantified using Molecular Dynamics ImageQuaNT software.
Construction of basal expression vectors. JMP3 (Fig. 1A) contains the defective ura3d4 marker and a polylinker, flanked by the region, inserted at the NotI site of the pHSS6 (14) vector. First, pINA1067 (also known as pINA970 [1] ) and pHSS6 were digested with NotI and ligated. The resulting plasmid, JMP1, was selected on tetracycline (10 g/ml) and kanamycin (40 g/ml). The pBR322 and XPR2 promoter regions were eliminated by HindIII-EcoRI digestion of JMP1 and replaced with an HindIII-EcoRI adaptor containing several unique restriction sites (Fig. 1B) , giving rise to plasmid JMP3. For the nondefective vector JMP5, the 1,398-bp HindIII-XbaI fragment containing ura3d4 was replaced with a 1,484-bp HindIII-XbaI fragment containing the ura3d1 allele.
Construction of the expression vectors. Vectors containing the POX2 promoter (45)-LIP2 expression cassette were constructed by inserting a 3,229-bp ClaI-EcoRI fragment into the ClaI and EcoRI sites of JMP3 and JMP5 to give JMP6 (defective) and JMP7 (nondefective), respectively. Digestion of the plasmids with NotI yields two fragments. The first fragment represents the pHSS6 moiety, and the second represents the targeting cassette, consisting of the URA3 marker and the expression cassette flanked by the region (Fig. 1 ). This targeting cassette was purified in an agarose gel prior to transformation.
We used the Y. lipolytica LIP2 gene, which codes for the 38.5-kDa extracellular lipase Lip2p (33) . This lipase has potential applications in the food industry and waste treatment (8, 9) . We fused it under the control of the strong and inducible POX2 promoter. POX2 codes for the long-chain acyl-coenzyme A oxidase, which is induced by fatty acids (45) . The POX2p-LIP2 expression cassette is released from the vectors with NotI digestion (expression cassette with region) or SalI and EcoRI digestion (expression cassette without the region). The expression cassettes are free of bacterial DNA.
Stability of the transformants. Strains were grown in YPD and YPDH for 2 weeks to keep the cells in the exponential phase of growth throughout the experiment. Cells were cultured in 50 ml of medium in 200-ml baffled flasks with shaking. Every morning, fresh cultures were inoculated at an initial A 600 of 0.5 and grown for 8 h. In the evening, fresh cultures were inoculated at an initial A 600 of 0.2 for 16 h. Samples of the previous culture were used to inoculate the new culture. Under our growth conditions, one cell generation corresponded to 2.5 h.
General protein techniques. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) with a 12% polyacrylamide resolving gel and a 4% polyacrylamide stacking gel (19) . Proteins were stained with Coomassie brilliant blue. Gels were dried with DryEase (Novex, San Diego, Calif.) on celluloseacetate films (Novex). Protein concentration was determined using the bicinchoninic (BCA) protein assay (Pierce, Rockford, Ill.) with bovine serum albumin as a reference. Lipase activity was routinely determined by titrimetric assay with olive oil (Sigma) as the substrate emulsion. Supernatant (5 to 20 l) was added to 5 ml of the emulsion and 2 ml of 50 mM phosphate buffer (pH 6.8). Samples were incubated for 20 min at 37°C with shaking (200 rpm). The reaction was stopped by adding 4 ml of acetone-ethanol (50:50, vol/vol) containing 0.09% thymolphthalein indicator. Enzymatic activity was determined by titration of the released fatty acid with 50 mM sodium hydroxide. One unit of lipase activity corresponds to the quantity of enzyme that liberates 1 mol of fatty acid per min.
RESULTS

Transformation and production of lipase by transformants.
Ylt1 and the solo element are not present in all wild-type Y. lipolytica isolates. The repetitive element was absent from PO1d but present in E150. These two yeasts were used as recipients for transformation. Typically, we obtained high transformation frequencies (10 4 transformants per g of DNA) with nondefective vectors (JMP5 and JMP7). In contrast, we obtained 10 to 30 transformants per g of DNA with PO1d and 50 to 150 transformants per g of DNA with E150 when we used defective vectors (JMP3 and JMP6).
Transformants appeared on YNBcas after 5 to 15 days with the defective vector and after 2 to 3 days with the nondefective vector. Transformation frequencies and the appearance of the clones were very similar to those of our first-generation plasmids (1), indicating that the ura3d4 allele remained defective in the new vectors independent of the location and orientation of the selection marker in the plasmid. Single-colony isolates were named according to strain, plasmid and clone number as follows: PO1d-6-1 represents strain PO1d, plasmid JMP6, and clone number 1.
Ten transformants obtained with the nondefective vector and 40 transformants obtained with the defective vector were selected from each strain and maintained on YNBcas. Their lipase production on solid YNBT and in liquid YNBH medium was assessed. Transformants obtained with the nondefective vector JMP7 contained one integrated copy of POX2-LIP2 and the chromosomal copy of LIP2 and showed no significant increase in lipase production (data not shown).
Three of the 40 PO1d clones transformed with JMP6 (PO1d-6-1 through PO1d-6-40) produced halos similar to those of the wild type, corresponding to URA3 conversion events, although only 27 and 568 bp (promoter and terminator regions, respectively) are shared between the genomic ura3-302 allele (ura3::SUC2 deletion [27] ) and the ura3d1 allele. The conversion frequency was 5 to 20% depending on the transformation experiment. Such conversion events also were observed in E150. For 17 PO1d transformants, we observed differences in halo size on tributyrin plates, indicating clone heterogeneity for lipase production ( Fig. 2A) . These results were confirmed by determining lipase activity in YNBH after 48 and 96 h of induction. We observed 2 to 16 times higher levels of lipase production than those of the wild type, suggesting that multiple copies of the expression cassette were integrated. Similar results were obtained with E150-6-1 through E150-6-40 (data not shown).
Copy number and integration event analysis in multicopy integrants. We analyzed the JMP6 (defective) transformants of E150 and PO1d giving the largest halos and the highest levels of lipase production. Total DNA was prepared from eight PO1d transformants (PO1d-6-2, -4, -8, -13, -14, -15, -16, and -17). Southern blot analysis was performed with the LIP2 gene , and POX2 promoter probes. Multiple signals were detected (Fig. 3A) . For the wild-type strain PO1d, we expected a 1.6-kb HindIII band with the LIP2 probe (Fig. 3, panel A1 , lane 9, band a, chromosomal LIP2 gene), no band with the probe (Fig. 3, panel A2, lane 9) , and 1.5-and 8-kb bands with the POX2 promoter probe (Fig. 3, panel A3 , lane 9, bands b and c, chromosomal POX2 locus). For the expression cassette, we expected to detect different fragments with the LIP2 and probes if integration occurred at different loci or a single 5.4-kb band corresponding to the full-length expression cassette if integration occurred in tandem. With the POX2 probe, HindIII digestion should give bands d and e from the expression cassette (0.6 and 1.58 kb). For PO1d transformants probed with LIP2 (Fig. 3A1) , the 1.6-kb HindIII chromosomal band was detected in all recombinant strains together with other bands of various sizes and numbers, with no strong signal at 5.4 kb. Thus, the expression cassette was integrated not in tandem but in a dispersed manner, with the number of bands reflecting the number of integration events. We confirmed the dispersed integration by detecting the same bands with the probe. We observed from 2 to more than 15 different bands. The two POX2 bands were very intense (Fig. 3, panel A3 ). For each clone, the level of radioactivity in each of the various bands was determined using the PhosphorImager. We used either the 1.5-kb chromosomal POX2 band or the 1.6-kb chromosomal LIP2 gene as an indicator of the intensity signal for one copy (Fig. 3A) . We found an average of 10 integrated copies (range, 6 to 16).
In the E150 transformants probed with , we detected a strong signal corresponding to the size of the expression cassette (Fig. 3, panel B1, lanes 2 to 4, band f) , which is absent from the parental E150 strain (lane 1). We also observed several bands that were present in all strains (Fig. 3, panel B1 , lanes 1 to 4). We interpret these results to mean that E150 contains a large number of Ylt1 and/or loci and that integration occurs primarily in tandem. For E150-6-2, integration was targeted to the site, giving a 1-kb EcoRI fragment (disappearance of this band in this transformant; Fig. 3 , panel B1, lane 3, band g). With the LIP2 probe, all transformants had a single strong 1.6-kb EcoRI-KpnI band (Fig. 3, panel B2 , lanes 2 to 4, band h) compared to the weak band corresponding to the genomic LIP2 locus (Fig. 3, panel B2, lanes 1 to 4, band i) . Copy numbers were estimated as for PO1d transformants and found to be in the same range (6 to 16 copies).
The region and gene amplification. PO1d was transformed with the expression cassette devoid of the region (SalI and EcoRI digestion, Fig. 1 ). Few transformants were obtained, and their profile on Southern blots was different from that of transformants obtained with the expression cassette containing the region (Fig. 3C) . When the transformants were probed with LIP2, we detected the 1.6-kb genomic band of the LIP2 locus and one or two additional bands corresponding to the integrated cassette. In this context, integration occurred at random, and the extent of LIP2 amplification was significantly less than with the cassette with the region.
Transformants are stable. We tested the stability of the recombinant strains under inducing and noninducing conditions by culturing PO1d-6-15 and PO1d-6-17 separately in YPD and YPDH for 2 weeks (approximately 120 generations). No change was detected in the patterns obtained in YPD (data not shown) or YPDH (Fig. 3D) , indicating that the selected transformants were stable even after 120 generations of induction conditions.
Increase in lipase production. We compared the lipase secretion of the PO1d strain and the amplified transformant PO1d-6-15 (JMY184). In minimal medium (YNBH), the two strains grew similarly. Lipase activity at 52 h after induction was 20 U/ml in the supernatant for PO1d and 150 U/ml for the transformant, JMY184. In the rich YPDH medium, JMY184 grew faster and to a higher cell density (Fig. 4A) . Lipase activity at 60 h after induction was 50 U/ml for PO1d and 1,500 U/ml for JMY184. In YPDH, we observed the accumulation over time of a single protein band in the cell supernatant (Fig.  4B) . Conventional protein quantification methods could not be used due to the presence of olive oil, so protein production was estimated from SDS-PAGE gels stained with Coomassie blue and found to be about 0.5 g/liter. For the end points, when all the olive oil had disappeared, this estimated protein concentration was confirmed by the BCA titration method, which gave 0.556 g of protein per liter in the supernatant.
Lipase activity and LIP2 mRNA levels in JMY184. We analyzed LIP2 expression by JMY184 grown in different media by Northern blotting (Fig. 5) . A Y. lipolytica ␤-actin probe was used to measure the amount of RNA. The amount of the LIP2 transcript (1.6 kb) was maximal at 47 h in YPH medium containing only olive oil (2%) and at 65 h in YPDH medium containing both olive oil (2%) and glucose (1%). The POX2 promoter driving expression of the LIP2 gene is repressed by glucose and induced when glucose is completely consumed (24 h) (data not shown and Fig. 5E ). At the same time (24 h), in the absence of glucose, the level of LIP2 mRNA was two-thirds of the maximum. These differences in transcript level in the presence of olive oil as the carbon source and inducer and in the presence and absence of glucose correlate well with the lipase activity in the cell supernatant in the same growth conditions (Fig. 4B and data not shown) and are consistent with the hypothesis that regulation occurs at the transcriptional level.
FIG. 2. Lipase production by Ura
ϩ transformants. Lipase detection was done on YNBT plates. Seventeen random Ura ϩ transformants were grown in liquid YNBcas medium, and 3 l of each culture was spotted onto YNBT. Plates were incubated for 2 days at 28°C. The size of the clear zone around the colonies, which reflects lipase production, was compared with that of the wild-type, PO1d (T). , and 120 (4 and 8) generations cultured in normal growth and lipase induction conditions, respectively, for each lane pair. The 1.6-kb chromosomal lipase gene is also detected (band a). Lambda DNA digested with BstEII (M1) or with HindIII-EcoRI (M2) was used as molecular size standards. Total DNA from the various recombinant strains was extracted, blotted, and hybridized as previously described (20) .
DISCUSSION
Previous plasmids used in Y. lipolytica contained fragments of E. coli DNA that restrict the utility of the plasmids in industrial applications. We constructed a series of vectors that release the expression cassette from the bacterial DNA prior transformation. These vectors are the first of their kind for Y. lipolytica and are the third example of this type. Such integrative cassettes devoid of bacterial DNA which could be amplified have also been used for the expression of Aspergillus oryzae ␣-amylase in an industrial baker's yeast strain (29) and for the expression of monellin in Candida utilis (17) .
Amplification is usually based on drug resistance markers (18) or a defective marker such as poorly expressed heterologous auxotrophic markers (5, 11) and promoter-defective alleles (ura3d, leu2d, and trp1d) (3, 20, 22, 29) . For promoterdefective alleles, amplification depends upon localization of the marker to the integrative cassette (29) .
Culture stability is a major problem with the genetically modified organisms used for industrial protein production, as the large-scale production of protein often requires long-term culture. Integrating the expression cassette into the yeast genome increases stability (34) , but the presence of tandem repeat copies at a genomic site can lead to mitotic or meiotic instability of the integrated plasmid (16, 44) . To circumvent this problem, we targeted our new plasmids to the sequence, a sequence widely dispersed in the yeast genome (38) .
The integration pattern depended upon the strain used. In E150, which has targets in its genome, integration was targeted to one site (Fig. 3B, lane 3) , and multicopy integrations occurred essentially in tandem. The PO1d strain does not have a genomic region, and integration was dispersed throughout the genome (Fig. 3A) . The region at the end of the expression cassette is required for multiple and dispersed integration (Fig. 3C) , although the mechanism underlying this phenomenon remains to be elucidated (4) . This is the first description of a dispersed multiple integration event in a yeast other than Saccharomyces cerevisiae (5) . Only dispersed single integration was obtained previously by restriction enzyme-mediated integration (37) . We found no evidence that the LTR increases movement of the cassettes following integration. Scattered integrations may account for the high stability of the two transformants of PO1d. The small size of the expression cassette (5.4 kb) also may be important in mitotic stability (21) , and the nature of the expressed gene: LIP2 dispersed multicopy integrants are more stable than XPR2 tandem multicopy integrants, which tend to deamplify under induction conditions (20) .
The copy number was 6 to 16 in the various transformants that we obtained. This is lower than the 60 copies previously described when rDNA was used as the target (20) . This difference may be due to the target sequence or to the reporter gene. For most of the transformants analyzed, we observed a strong correlation between copy number and lipase production, similar to that seen for AEP production when the XPR2 copy number was low (10 copies) (20, 26) . The lipase activity in the supernatant of some transformants was 40 times higher than that of the recipient strain.
We also wanted to determine if the PO1d host, when combined with our vectors, reaches the biological limits of the expression system or whether production could be increased further. We are now developing vectors based on the JPM3 technology with the LIP2 expression cassette but carrying a defective version of LEU2. However, increasing gene dosage does not necessarily improve productivity (34) , as shown in Pichia pastoris for the tetanus toxin fragment C). Alternatively, changing the POX2 promoter to another inducible promoter such as XPR2, ICL1, or RPS7 or to a constitutive promoter such as TEF or hp4d (2, (23) (24) (25) 30 ) might also increase productivity.
Y. lipolytica has previously produced up to 1,200 U of lipase per ml in a fermentor (9) . After two rounds of chemical mutagenesis, some of the mutants secreted 25 times more lipase than the wild-type strain. Some of our transformed strains secrete at least equivalent amounts of active lipase in flask culture (1,500 U/ml), suggesting that molecular biological methods are at least as useful for strain development as are the traditional methods. Good production processes can greatly improve total production capacity (6, 12) . Attempts to optimize batch production conditions in a fermentor with JMY184 have already resulted in an increase in lipase activity up to 10,000 U/ml (data not shown). This confirms the great capacity of Y. lipolytica for homologous (AEP and lipase) (9, 20) and heterologous (rice ␣-amylase, prochymosin, factor XIIIa, and hepatitis B virus middle surface antigen) (13, 28, 31, 42) protein secretion.
In summary, we have developed an amplification system that allows multiple integration of an expression cassette devoid of bacterial DNA, either in tandem or dispersed depending on the strain used. We obtained strains with as many as 16 integrated copies that are stable for at least 120 generations and that produced high levels of lipase. This technology may be a general one for the production of proteins in Y. lipolytica for commercial use.
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